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CHAPTER 1:  INTRODUCTION 

 
1.  DIABETES 

 Diabetes is a serious disease that affects ~23.6 million adults and children 

in the United States and the fifth-deadliest disease [2].  It is estimated that the 

total economic cost of diabetes in 2007 was $174 billion; with medical expenses 

comprising $116 billion and $58 billion in indirect costs, such as reduced 

productivity and disease-related unemployment disability [3].   

Diabetes is characterized by abnormally high blood sugar levels because 

of the body’s failure to produce insulin (Type 1 diabetes) or resistance to the 

effects of insulin (Type 2 diabetes).  Insulin, a hormone produced by the beta 

cells in the Islets of Langerhans of the pancreas, is required to move glucose 

from the bloodstream to cells.  In Type 1diabetes, the insulin producing beta cells 

are destroyed or damaged resulting in the abolishment of insulin production; 

however, in Type 2 diabetes the problem typically involves cells not responding 

appropriately to insulin.  Ketoacidosis is a very serious condition often associated 

with Type 1; while hypertension, obesity, and hyperlipidemia are often associated 

with Type 2. 

Although diabetes is treatable, there is currently no cure.  Type I is treated 

with insulin replacement, and Type 2 is managed by a diabetic diet, exercise, 

various medications, and insulin if necessary.  If not treated properly, diabetes is 

responsible for a multitude of complications including heart disease, stroke, 

kidney disease, blindness, gum disease, diabetic neuropathy, gastroparesis, skin 

disorders, foot complications, and depression [2].   
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Alternative therapeutic strategies to treat severely ill patients with Type 1 

diabetes include transplantation and replacement of insulin producing beta cells.  

Pancreas and pancreas-kidney transplantation lead to normalization of blood 

glucose levels and improvement of complications associated with the disease 

[25].  Transplantation of pancreatic islet cells is currently being performed in 

controlled research studies; however, a lack of organs and unsustainable insulin 

dependence are hindering the therapy.  Stem cell based strategies to replace 

insulin producing pancreatic beta cells are also under investigation [17].  

Currently, Dr. Robert Harris has ongoing studies exploring the possibility of a 

mitochondrial enzyme, pyruvate dehydrogenase kinase 4 (PDK4), as a potential 

therapeutic target for diabetes [15].  

 
2.  MITOCHONDRIA 

 Often described as the “power house” of the cell, mitochondria are oval-

shaped, membrane enclosed organelles, whose primary function is generation of 

ATP (adenosine triphosphate) through oxidative phosphorylation.  Mitochondria 

are approximately 2 µm in length and 0.5 µm in diameter.  Structurally, 

mitochondria have different compartments, including the outer membrane, inner 

membrane, intermembrane space, cristae, and matrix; each of which have 

specialized functions [4]. 

 The outer membrane maintains the shape of the mitochondria and is 

composed of a phospholipid bilayer containing porins, which form channels 

known as VDAC (voltage-dependent anion channel), allowing molecules 10,000 

daltons or less to diffuse through the membrane.  Translocase of the outer 
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membrane (TOM) is a complex of proteins involved in the transportation of larger 

molecules across the membrane [1].  Fatty acid activation occurs on the outer 

membrane as well by the enzyme acyl CoA synthase.  Activated long chain fatty 

acids are bound to carnitine and transported across the membrane by carnitine 

palmitoyltransferase I.  Subsequently, fatty acids are transported to the 

mitochondrial matrix for fatty acid oxidation [4].    

The outer and inner membranes are separated by the intermembrane 

space, which has contents similar to the cytoplasm.  During electron transport, 

protons are pumped from the mitochondrial matrix into the intermembrane space 

[34].  Recent studies propose chaperone complexes, such as Tim9-Tim10 

(translocase of the inner membrane 9-10) assist in the transport of hydrophobic 

proteins across the intermembrane space [37].  Other studies are investigating 

an enzyme system involving Erv1 (essential for respiration and vegetative growth 

1) and Mia40 (mitochondrial intermembrane space import and assembly protein 

40) that is used to catalyze the oxidative folding of proteins.  The folded proteins 

are unable to cross the outermembrane, thereby trapping them inside the 

mitochondria [11].      

Unlike the outer membrane, the structure of the inner membrane is quite 

complex and houses many mitochondrial functions, such as the electron 

transport chain (ETC), ATP synthetase complex, and transport proteins.  The 

inner membrane is rich in cardiolipin, a phospholipid contributing to the high 

impermeablity of the membrane; thus, the need for transport proteins.  Cristae 
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are invaginations of the inner membrane that increase its surface area allowing 

space for the many ETC and ATP synthetase complexes [1]. 

The electron transport chain (Figure 1), or respiratory chain, is the site of 

oxidative phosphorylation and consists of four complexes – Complexes I, II, III, 

and IV.  Electrons are transferred through a series of these transmembrane 

complexes while protons are pumped across the inner mitochondrial membrane 

forming a proton gradient.  ATP synthase uses the proton gradient for ATP 

synthesis; thereby, providing energy for the cell [4, 35].  

In the initial reaction of the ETC, NADH (nicotinamide adenine 

dinucleotide) binds to Complex I, or NADH dehydrogenase, and donates two 

electrons to ubiquinone (Q) causing four protons to translocate across the inner 

membrane.  Ubiquinone receives additional electrons from FADH2 (flavin adenine 

dinucleotide) through Complex II, or succinate dehydrogenase; the enzyme 

linking the electron transport chain and the citric acid cyle [4]. 

  Cytochrome reductase, or Complex III, catalyzes the transfer of electrons 

from ubiquinol (QH2), which is the reduced form of ubiquinone, to cytochrome c; 

while pumping protons out of the mitochondrial matrix.  Finally, four electrons are 

removed from cytochrome c and transferred to molecular oxygen (O2) producing 

two molecules of water in Complex IV, or cytochorome c oxidase.  During this 

transfer, four protons cross the membrane producing a proton gradient.  ATP 

synthase uses energy from the proton gradient to release ATP from the complex 

[4, 35].                    
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Figure 1.  Electron Transport Chain and ATP synthase [33].  Chain of large 
protein complexes responsible for transferring electrons from NADH to 02.  ATP 
synthase uses electrochemical proton gradient to synthesize ATP.     
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Glycolysis occurs in the cytosol and breaks down glucose into pyruvate, 

which then enters the mitochondria.  The pyruvate dehydrogenase complex 

(PDC), located in the mitochondrial matrix space, is responsible for irreversibly 

converting pyruvate into acetyl CoA, the primary fuel of the citric acid cycle 

(CAC).  Reactions of the citric acid cycle and fatty acid oxidation reside in the 

mitochondrial matrix [1].  The principal function of the citric acid cycle is to yield 

high-energy electrons from carbon compounds, such as carbohydrates, fatty 

acids, and amino acids.  During the cycle, electrons are removed from acetyl 

CoA and are used to form NADH and FADH2, which are then employed in the 

reduction of molecular oxygen to water in the electron transport chain [35].       

Functionally, mitochondria are also involved in cell differentiation, 

signaling, cell death, and controlling cell cycle and cell growth [26].  In addition, 

mitochondria have been implicated in various diseases, including a variety of 

mitochondrial disorders, cardiac dysfunction, and aging [1].  In this study, the role 

of the mitochondrial enzyme, pyruvate dehydrogenase kinase 4 (PDK4) is 

examined in relation to diabetes.     

 
3.  PYRUVATE DEHYDROGENASE KINASE 4 (PDK4) 

Pyruvate dehydrogenase kinase 4 (PDK4) is one of four pyruvate 

dehydrogenase kinase isoenzymes involved in the regulation of the activity of the 

pyruvate dehydrogenase complex (PDC).  PDC catalyzes the oxidative 

decarboxylation of pyruvate to form acetyl CoA, which is an essential reaction for 

cells to meet energy requirements [10].  Although PDC is regulated by several 

mechanisms, including allosteric inhibition by acetyl CoA and NADH, covalent 
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modification of the complex is extremely important for long term regulation.  

Pyruvate dehydrogenase kinases (PDK) phosphorylate PDC, while pyruvate 

deydrogenase phosphatases dephosphorylate it.  PDC is dephosphorylated and 

active in the well-fed state to facilitate the oxidation of carbohydrates, but PDC is 

phosphorylated and inactive in the starved state to conserve substrates for 

gluconeogenesis [12].      

Mammals express four PDK isoenzymes (1-4).  Previous studies have 

found that PDK2 and PDK4 increase in response to starvation and diabetes in a 

tissue specific manner, suggesting their importance to long-term regulation of the 

PDC [12, 14, 39].  PDK4 greatly increases in the heart, kidney, and skeletal 

muscle; but only slightly increases in the liver [14].  In addition treating T ype 1 

diabetic rats with insulin and feeding starved mice decrease PDK4 expression, 

essentially reversing the effects [15].           

Prior experiments comparing PDK4+/+ (wild-type) and PDK 4-/- (PDK4 gene 

knockout) mice indicate up-regulation of PDK4 is crucial during starvation for 

PDC regulation and glucose homeostasis.  Blood glucose is lower in PDK4-/- than 

in PDK4+/+ during starvation, as well as the concentration of glucose, lactate, 

pyruvate, and alanine [15]; however, branch chain amino acids and ketone 

bodies are elevated in starved PDK4-/- mice reflecting a reduction in alanine 

synthesis as a result of less pyruvate.  Glucose tolerance is slightly improved, 

and insulin sensitivity is greater in PDK4-/- compared with wild-type, yet the 

mechanism behind the increase in insulin sensitivity is still to be determined [15].            
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4. PROTEOMICS 

Proteomics is the study of the proteome, or the protein complement of the 

genome.  The field entails utilizing analytical tools to identify and characterize 

complex mixtures of proteins in a sensitive and specific manner.  When 

comparing multiple groups in an experiment, a two-dimensional gel 

electrophoresis (2DE) approach followed by mass spectrometry is a useful 

platform for the quantitation and identification of differentially expressed proteins 

[24].  Figure 2 depicts a 2DE gel based/mass spectrometry approach as applied 

to this project. 

 Sample preparation is the first step, and a crucial part, of a proteomics 

experiment.  Solublized samples are then resolved in the first dimension by 

isoelectric focusing (IEF), which is based on the isoelectric point (pI) of the 

protein.  Samples are loaded on to highly reproducible immobilized pH gradient 

(IPG) strips (offered in varying lengths and pH ranges) and migrate to their pI 

under an electric field.  Subsequently, the proteins are further separated in the 

second dimension by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) based on their molecular weight (Mr).  The SDS coated proteins 

are negatively charged and migrate toward the anode; while the electrophoretic 

mobility of the proteins depends on their mass.  The resulting 2DE gel is the 

resolution of hundreds or thousands of separated proteins [36].   
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Proteins on 2DE gels are visualized by staining with dyes, such as 

colloidal Coomassie Blue or silver stain, and image analysis of 2DE gel patterns 

allows for the detection of differentially expressed proteins.  Spots of interest are 

excised from the gel, enzymatically digested, and analyzed by mass 

spectrometry. 

 Mass spectrometry is a technique that analyzes molecules based on their  

mass:charge ratio (m/z).  A sample mixture is converted to ions that are then 

separated according to their m/z.  Mass spectrometers enable protein 

identification in two different ways:  the composition of an analyte and the 

structure of an analyte.  The composition is inferred when the molecular weights 

of analytes are measured, generating a peptide mass fingerprint that is searched 

in a database for a positive ID.  Structural information of analytes is obtained in 

MS/MS mode, or tandem mass spectrometry, when the mass is measured for the 

ion of interest, specifically selected, and fragmented by collision induced 

dissociation yielding structural or sequence information of the analyte.  The 

peptide sequence information is searched against a database for protein 

identification [36]. 

The goal of this study was to determine the effect of a PDK4 knockout in 

both fed and starved states on mitochondrial protein expression.  Using a 

proteomic platform enabled the comparison of four experimental groups in a 

high-throughput, reproducible manner, and the identification of differentially 

expressed proteins (Figure 2).  The technique complemented previous work and 

findings on the PDK4 knockout mice by Jeoung et al. [14] including 
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measurements of metabolite concentrations, PDC activity, glucose utilization, 

and fatty acid oxidation, as well as glucose and insulin tolerance tests.      
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CHAPTER 2:  MATERIALS AND METHODS 

 
MATERIALS 

A BAC (bacterial artificial chromosome) clone (no. 19893) containing the 

mouse PDK4 gene was purchased from Incyte Genomics (St. Louis, MO).  

C57BL/6J black mice for backcrossing were purchased from The Jackson 

Laboratory (Bar Harbor, ME).  Reagents were purchased from Sigma (St. Louis, 

MO), EMD Chemicals (Gibbstown, NJ), and BioRad (Hercules, CA).  Modified 

sequencing grade porcine trypsin was obtained from Princeton Separations 

(Freehold, NJ).     

 
METHODS 
 
1. GENERATION OF MOUSE PDK4 KNOCKOUT 

Mouse PDK4 knockouts were constructed as described by Jeoung et al. 

[15].  The targeting vector was created by inserting a PCR-amplified 0.9 kb DNA 

fragment into the SalI site of a pBluescript II/neo-TK vector.  The location of the 

fragment was upstream of exon 1 of the PDK4 gene, and the vector contained 

the phosphoglycerate kinase promoter, which drives the neomycin-resistant gene 

(PGK-neo) and the herpes virus thymidine kinase gene.  At the XhoI site, a 7.5 

kb DNA fragment containing part of exon 2 through intron 7 of the PDK4 gene 

was inserted.  Not I was the site of vector linearization, which was then 

electroporated into R1 embryonic stem cells (129SvJ origin) by the Transgenic 

Facility of the Duke Comprehensive Cancer Center (Durham, NC).  Southern-blot 

analysis, with a radiolabelled PCR-amplified DNA fragment of exon 8 to 10, 
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confirmed the disrupted allele.  PCR (40 cycles at 95°C for 30 s, 57°C for 30 s, 

and 65°C for 4 min) was used for mice genotyping.  A 1.4 kb fragment from the 

targeted allele was amplified with primer 1 (5_-gactttcataacacccagtctcc-3_) and 

primer 2 (5_-cgcttttctggattcatcgactgtggc-3_); while a 1.2 kb fragment from the 

wild-type allele was generated from primers 1 and 3 (5_-

ggtgctcgagcctgggtgaagg-3_).  Heterozygous mice were backcrossed with 

C57BL/6J wild-type mice for six generations to stabilize the genetic background.  

Immunoblotting with PDK4 antibody confirmed the null mutation.    

 
2.  ANIMALS AND EXPERIMENTAL DESIGN 

Animal studies were conducted with the approval of the Institutional 

Animal Care and Use Committee of the Indiana University School of Medicine.  

Mice were held in an AALAC (Association for Assessment and Accreditation of 

Laboratory Animal Care)-approved pathogen-free barrier facility, which 

maintained 12 h light/dark cycles and temperature of 23 ± 2°C.  Animals were fed 

a standard rodent chow diet (Harlan; no. 7071) ad libitum.  Starved mice were 

deprived of food for 48 h prior to sacrifice.  At 10 weeks old, mice were killed by 

injection of Nembutal (60 mg/kg body weight).    

Four experimental groups were analyzed in the study:  wild-type fed, wild-

type 48 h starved, PDK4 knockout fed, and PDK4 knockout 48 h starved, 

(n=4/group).  Kidneys from two mice were pooled together as one sample to 

obtain adequate quantities of mitochondrial protein.   
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3.  ISOLATION OF MITOCHONDRIA 

Mitochondria were isolated as described by Blair [5].  After mice were 

sacrificed, kidneys were removed and immediately chilled in isolation medium 

(250 mM sucrose, 10 mM Tris-HCl, 1 mM EGTA, pH 7.4).  Kidneys were washed 

twice in isolation medium; then minced for 30 seconds.  Minced kidneys were 

transferred to a P-E homogenizer for homogenization, and then centrifuged at 

600 x g for 5 min with an SS-34 Rotor (2250 rpm).  The supernatant (S1) was 

transferred to a new tube, and 10 ml of isolation medium added to the pellet (P1).  

The pellet (P1) was homogenized and centrifuged again at 600 x g for 5 min.  

The supernatant (S2) was decanted and added to the first supernatant (S1), 

while the second pellet (P2) was discarded.  The combined supernatants (S1/S2) 

were centrifuged at 600 x g for 5 min and decanted into new tube (S3).  

Supernatant (S3) was centrifuged at 8,700 x g for 10 min, with supernatant (S4) 

decanted and discarded. Pellet 4 was re-suspended in isolation medium and 

centrifuged at 8,700 x g for 10 min, and this was repeated for pellet 5.  Finally, 

pellet 6 was suspended in 0.5 ml of isolation medium.  

 
4.  SAMPLE PREPARATION AND PROTEIN ASSAY 

The mitochondrial suspension was centrifuged at 15,000 x g for 10 min at 

4°C to pellet the mitochondria.  C7 Resuspension Reagent (Proteome Systems: 

Sydney, Australia) was added to each sample to obtain a working volume of 20 

mg of protein/ml.  Samples were briefly vortexed, then sonicated every 15 min for 

1 h with 3 x 2 sec bursts at setting 3 with a Fisher Sonic Dismembrantor and 
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incubated at 37°C between sonications.  Following solubilization, an Amido Black 

Protein Assay was used to quantify the amount of protein in each sample [19].      

 
5.  TWO-DIMENSIONAL GEL ELECTROPHORESIS 

Each of the 16 samples (4 groups, n=4/group) was run in duplicate for 

2DE analysis.  750 µg of protein were loaded onto 24 cm immobilized pH 

gradient (IPG) strips (nonlinear pH 3-10: BioRad: Hercules, CA).  Samples were 

passively rehydrated overnight at room temperature.  IPG strips were randomly 

assigned to Protean IEF Cells (BioRad: Hercules, CA), and isoelectric focusing 

(IEF) was performed simultaneously by a program of progressively increasing 

voltage (150 V for 300 Volt-hours (Vh), 300 V for 1,200 Vh, 1,500 V for 1,500 Vh, 

5,000 V for 25,000 h, 7000 V for 42,000 Vh, and 10,000 V for 30,000 Vh) for a 

total of 100,000 Vh.  

Angelique, a computer-controlled gradient casting system, was used to 

pour second-dimension sodium dodecyl sulfate (SDS) slab gels (20 x 25 x 0.15 

cm) with an acrylamide gradient of 11% to 19%.  After focusing, IPG strips were 

equilibrated for 10 minutes in equilibration buffer I and 10 minutes in equilibration 

buffer II to reduce and alkylate the proteins (equilibration buffer I: 6 M urea, 2% 

SDS, 0.375 M Tris-HCl pH 8.8, 20% glycerol, 130 mM DTT; equilibration buffer II: 

6 M urea, 2% SDS, 0.375 M Tris-HCl pH 8.8, 20% glycerol, 135 mM 

iodoacetamide).  Second-dimension slab gels were run in parallel at 8°C for 20 h 

at 160 V in a DALT electrophoresis tank.   

Gels were then fixed overnight at room temperature in a solution of 50% 

ethanol and 2% phosphoric acid.  Fixed gels were washed three times for 30 min 
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each in deionized (DI) water, and then stained using a sensitive colloidal 

Coomassie Blue G-250 procedure for 96 h [27].  Subsequently, gels were 

washed several times with DI water and scanned with a GS-800 Calibrated 

Imaging Densitometer (Bio-Rad: Hercules, CA) at 95.3 µm/pixel resulting in 12 bit 

images.   

 
6.  IMAGE ANALYSIS AND STATISTICS 

Scanned images were analyzed with PDQuest software (Bio-Rad, v.7.1) 

by subtracting the background, and then detecting and quantifying protein spot 

density peaks with a Gaussian model.  Images were normalized against total 

image density, and individual protein quantities were expressed as parts-per-

million (ppm) of the total integrated optical density, which directly relates to the 

total protein concentration.  The image that was most representative of the entire 

matchset was selected as a reference pattern, and each of the gels was matched 

to it.  Several landmarks, proteins that were uniformly expressed in all patterns, 

were used to facilitate rapid gel matching.  Raw quantitative data for each protein 

spot were exported to Microsoft Office Excel® for statistical analysis. 

Technical replicates were averaged; then protein spot abundances were 

converted to a log2 scale [13].  In a preliminary comparison, differential protein 

expression was analyzed by a group-wise Student’s T-test (p< 0.05).  Significant 

spots were further analyzed in SigmaStat®, and ANOVA used to conduct multiple 

comparisons of protein expression across the four experimental groups using 

Holm-Sidak method. 
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7.  TRYPTIC DIGESTION AND PEPTIDE EXTRACTION 

 Altered protein spots were manually excised from gels and transferred to a 

96-well plate.  Identical spots were pooled from three different gels to provide 

sufficient protein for identification.  The gel plugs were destained with 50% 

acetonitrile in 50 mM ammonium bicarbonate, dehydrated with 100% acetonitrile, 

reduced with 10 mM DTT in 100 mM ammonium bicarbonate, alkylated with 55 

mM iodoacetamide in 100 mM ammonium bicarbonate, and tryptically digested 

overnight at 37°C using 6 ng/µL of sequence grade, modified trypsin (Princeton 

Separations: Freehold, NJ).   

 Resulting peptides were extracted from the gel plugs in three phases: 1) 

0.1% formic acid (FA) in 30% acetonitrile (ACN), 2) 0.1% FA in 50% ACN, and 3) 

100% ACN.  Subsequently, peptides were dehydrated via speed vacuum 

centrifugation; then reconstituted in 0.1% trifluoroacetic acid (TFA).  ZipTip® 

pipette tips were used to concentrate, desalt, and purify the peptides.  The 

manufacturer’s protocol of binding, washing, and eluting was followed to yield 

contaminant-free peptides.   

 
8.  MASS SPECTROMETRY 

 Peptide samples (40 µL) were injected into a Thermo Scientific LTQ linear 

ion trap mass spectrometer using a Michrom Paradigm AS1 auto-sampler 

coupled to a Paradigm MS4 HPLC (Michrom BioResources, Inc.: Auburn, CA).  

The peptide solution was automatically loaded at a flow rate of 0.5 µL/min across 

a Paradigm Platinum Peptide Nanotrap (Michrom BioResources, Inc.: Auburn, 

CA) and onto a 150 mm x 0.099 mm capillary column (Polymicro Technologies, 
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L.L.C.: Phoenix, AZ) packed in house using a 5 µm, 100 Å pore size Magic C18 

AQ stationary phase (Michrom BioResources, Inc.: Auburn, CA).  The mobile 

phases A, B, and C were 2% acetonitrile in 0.1% formic acid, 98% acetonitrile in 

0.1% formic acid, and 5% acetonitrile in 0.1% formic acid, respectively, all in 

HPLC grade water.  Buffer C was used to load the sample, and the gradient 

elution profile was as follows: 5% B (95% A) for 10 min; 5-55% B (95-45% A) for 

30 min; 55-80% B (45-20%A) for 5 min; and 80-5% B (20-95% A) for 10 min.  

The data were collected in a “Triple-Play” (MS scan, Zoom scan, and MS/MS 

scan) mode using nanospray ionization (NSI) with normalized collision energy of 

35%. 

 
9.  PROTEIN IDENTIFICATION AND VALIDATION 

The acquired mass spectral data were searched against the International 

Protein Index (IPI) mouse database (ipi.MOUSE.v3.31.fasta) using the 

SEQUEST (v. 28 rev. 12) program in Bioworks (v. 3.3).  General parameters 

were set as follows: peptide tolerance 2.0 amu, fragment ion tolerance 1.0 AMU, 

enzyme limits set as “fully enzymatic – cleaves at both ends” and missed 

cleavage sites set at 2.  The searched peptides and proteins were subjected to 

the validation processes PeptideProphet [19] and ProteinProphet [26] in the 

Trans-Proteomic Pipeline (TPP, v. 3.3.0) 

(http://tools.proteomecenter.org/software.php), and only those proteins with 

greater than 90% confidence were considered positive identifications.   

 
 

http://tools.proteomecenter.org/software.php)
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10.  BIOINFORMATIC ANALYSIS OF IDENTIFIED PROTEINS 

 Identified proteins were analyzed with Ingenuity Pathway Analysis™ (IPA) 

software (Ingenuity Systems, Inc.: Redwood City, CA), which interpreted the 

complex biological data and built pathways and relationships among the proteins 

of interest [33].  A list of International Protein Index (IPI) numbers was imported 

into IPA, and the software searched its database to generate molecular 

interactions, pathway associations, and functional assignments. 

 Generic Gene Ontology (GO) Term Mapper (http://go.princeton.edu/) was 

also utilized as a bioinformatics tool to categorize proteins based on process, 

function, and component [31].  IPI numbers were converted to MGI (Mouse 

Genome Informatics) symbols and uploaded to the GO Term Mapper database.  

The search resulted in the binning of proteins into broad categories.                     
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CHAPTER 3:  RESULTS 

 
1. DIFFERENTIAL PROTEIN EXPRESSION 

 Mitochondrial proteins from mice kidneys were solubilized and separated 

by 2DE.  Representative gel images for each of the 16 samples from the four 

groups:  PDK4+/+ fed, PDK4-/- fed, PDK4+/+ starved, and PDK4-/- starved are 

displayed in Figure 3, Figure 4, Figure 5, and Figure 6, respectively.  The 16 

samples were run in duplicate as technical replicates on two-dimensional gels for 

a total of 32 gels.  The 32 gels were assembled into a matchset and analyzed by 

PDQuest software, which detected 807 individual spots.  The assembled 

matchset is shown in Figure 7, and a zoomed in view exhibiting great 

reproducibility among the 32 matchset members is shown in Figure 8.     

 Spot intensities for the 807 detected spots were exported to Microsoft 

Excel for statistical analysis.  Figure 9 illustrates the statistical design of the 

experiment.  An average was calculated first for the technical replicates; then 

another average of the biological replicates was calculated for each of the four 

groups.  Table 1 shows a selection of spot intensities represented as PPM (parts 

per million) from the PDK4+/+ fed group and their corresponding average values 

for technical and biological replicates.  Mean spot abundances of the biological 

replicates were then transformed to a log2 scale, which is shown in Table 2.               

A group-wise Student’s T-test (p< 0.05) was used as a preliminary tool to 

analyze differential protein expression.  The preliminary comparisons determined 

42 spots were statistically significant in the PDK4+/+ fed vs. PDK4-/- fed; 40 in the 
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PDK4+/+ starved vs. PDK4-/- starved; 93 spots in the PDK4+/+ fed vs. PDK4+/+ 

starved; 66 in the PDK4-/- fed vs. PDK4-/- starved; 88 in the PDK4+/+ fed vs.  

PDK4-/- starved; and 75 spots in the PDK4-/- fed vs. PDK4+/+ starved.      

A total of 206 unique spots from the preliminary Student’s T-test were 

analyzed with SigmaStat®.  A more stringent analysis was conducted with a one-

way ANOVA, which found 108 of the 206 spots were statistically different 

(p<0.05) across the four experimental groups:  22 in the PDK4+/+ fed vs. PDK4-/- 

fed; 26 in the PDK4+/+ starved vs. PDK4-/- starved; 61 spots in the PDK4+/+ fed vs. 

PDK4+/+ starved; 44 in the PDK4-/- fed vs. PDK4-/- starved; 63 spots in the PDK4+/+ 

fed vs. PDK4-/- starved; and 42 spots in the PDK4-/- fed vs. PDK4+/+ starved.          

 
2.  PROTEIN IDENTIFICATION 

 Altered proteins were analyzed using tandem mass spectrometry, 

searched against a database, and validated by the Trans-Proteomic Pipeline.  

Because of low protein abundance (<200 PPM), 14 of the 108 spots were 

excluded from protein identification.  In total 94 differentially expressed spots and 

14 landmark spots were submitted for identification; 87 of the 94 altered spots, or 

93%, and 100% of the landmark spots were positively identified with high 

confidence (protein probability = 1.00).  A map displaying the 87 differentially 

expressed proteins is shown in Figure 10.  Table 3 lists the protein identifications 

and results of the pairwise multiple comparison procedure (Holm-Sidak method) 

indicating significant differences across the groups.  Landmark proteins are 

displayed in Figure 11, and protein identifications are listed in Table 4.   
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3.  BIOINFORMATIC ANALYSIS 

 Generic Gene Ontology (GO) Term Mapper organized altered proteins 

into categories based on cellular processes, functions, and components.  Of the 

87 differentially expressed proteins, only 61 of the proteins were unique, because 

several proteins were identified at multiple spots.  The analysis of components 

found 17 proteins were mitochondrial contaminants, and thus were excluded 

from further investigation. 

 The percentage of differentially expressed proteins categorized by cellular 

process is displayed in Figure 12.  Nearly 30% of the proteins fell into the 

category “generation of precursor metabolites and energy.”  In Figure 13, the 

cellular functions are shown, with approximately 33% of identified proteins 

exhibiting nucleotide binding activity.  Other functions included transporter, 

kinase, and transferase activities.  Almost 70% of identified proteins were of 

mitochondrial origin; however, some proteins were contaminants as shown in 

Figure 14. 

 Identified proteins were also processed with Ingenuity Pathway Analysis™ 

(IPA) software to establish pathways and relationships among proteins.  The top 

20 canonical pathways are presented in Figure 15; with the majority of proteins 

associated with oxidative phosphorylation.  Protein networks were also 

generated by IPA.  A network of proteins involved in carbohydrate metabolism 

and energy production is displayed in Figure 16, and a lipid metabolism network 

is shown in Figure 17.             
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Figure 3.  Biological replicates (samples 1-4) from PDK4+/+ fed.  PDK4+/+ fed 
sample 1 is in top left, sample 2 top right, sample 3 bottom left, and sample 4 
bottom right.  The gel is approximately 130 kDa at the top, 10 kDa at the bottom, 
pH 3 at the left, and pH 10 at the right. 
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Figure 4.  Biological replicates (samples 1-4) from PDK4-/- fed.  PDK4-/- fed 
sample 1 is in top left, sample 2 top right, sample 3 bottom left, and sample 4 
bottom right.  The gel is approximately 130 kDa at the top, 10 kDa at the bottom, 
pH 3 at the left, and pH 10 at the right. 
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Figure 5.  Biological replicates (samples 1-4) from PDK4+/+ starved.  PDK4+/+ 
starved sample 1 is in top left, sample 2 top right, sample 3 bottom left, and 
sample 4 bottom right.  The gel is approximately 130 kDa at the top, 10 kDa at 
the bottom, pH 3 at the left, and pH 10 at the right. 
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Figure 6.  Biological replicates (samples 1-4) from PDK4-/- starved.  PDK4-/- 
starved sample 1 is in top left, sample 2 top right, sample 3 bottom left, and 
sample 4 bottom right.  The gel is approximately 130 kDa at the top, 10 kDa at 
the bottom, pH 3 at the left, and pH 10 at the right. 
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Figure 9.  Statistical Design of 2DE Experiment.  Gels are illustrated with various 
spots, and the circled spot represents the same spot across all gels.  Technical 
replicates are from the same sample ran in duplicate; e.g. F+/+1 Gel 1 is sample 1 
from the fed PDK4 wild-type group ran on Gel 1 then again on Gel 2.  Spot 
intensities from each spot on the technical replicates are averaged to create an 
average gel for each of the 16 samples, e.g. F+/+1 Avg gel.  Each sample has 
n=4, represented as F+/+ 1-4 Avg gel.  Averages are calculated again for each of 
the four groups (PDK4+/+ fed, PDK4+/+ starved, PDK4-/- fed, and PDK4-/- starved).  
Statistical comparisons are made among the four groups using one-way ANOVA.               

 



30 
 

 

Table 1.  Average of spot intensities.  SSP column indicates spot number.  Spot 
intensities (PPM) are and shown for a selection of spots in the fed +/+ group.  
F+1 Avg is the average of technical replicates for fed+/+ sample 1.  F++ Avg is 
the mean of F+1 Avg, F+2 Avg, F+3 Avg, and F+4 Avg representing samples 1-4 
in fed+/+ group.    
 

 

 

 

 

 

 

 

SSP F++1 F++1 F+1 Avg F++2 F++2 F+2 Avg F++3 F++3 F+3 Avg F++4 F++4 F+4 Avg F++ Avg

7609 28288 82286 55287 42153 41536 41844 31898 21253 26575 24962 17256 21109 36204

616 11127 67906 39516 9018 32767 20893 6690 34734 20712 27711 15892 21802 25731

2704 16754 15498 16126 18321 4483 11402 16561 16294 16427 17597 10094 13846 14450

8501 4055 10271 7163 20764 13814 17289 12581 16114 14348 17807 14428 16117 13729

2504 17560 6469 12014 16549 11929 14239 17755 8853 13304 16184 12465 14325 13470

6614 7715 11782 9749 17050 17737 17394 12020 12822 12421 16346 8878 12612 13044

7802 12419 15206 13812 14558 6083 10320 11707 4920 8314 13225 11297 12261 11177

6602 16830 9826 13328 11659 6725 9192 13001 8432 10717 10117 8856 9486 10681

615 14288 5959 10124 14527 11245 12886 14315 3510 8913 14109 3679 8894 10204

2106 8816 6610 7713 9032 9265 9148 10786 9419 10103 9345 10806 10076 9260

6609 13620 13122 13371 3540 2809 3175 7491 18376 12933 4954 9504 7229 9177

7101 8572 8525 8548 8272 5212 6742 9224 10600 9912 10094 11680 10887 9022

8320 9772 9110 9441 9258 3896 6577 14631 10274 12452 9281 5938 7610 9020

8303 4989 5540 5265 4208 11168 7688 12169 9685 10927 8076 11572 9824 8426

14 8134 6140 7137 8203 8555 8379 10092 8198 9145 8486 8962 8724 8346

6302 8778 9616 9197 8320 4126 6223 8652 4672 6662 8735 10104 9419 7875

7507 7807 4108 5958 9043 6329 7686 10405 9797 10101 7621 7812 7717 7865

5507 7861 8225 8043 8271 8278 8275 7236 7754 7495 7523 7285 7404 7804

7504 5571 13207 9389 3840 3437 3638 6091 7227 6659 11248 10692 10970 7664

2808 8897 7860 8379 7853 6758 7305 10199 3112 6656 6701 8328 7514 7463

7518 11938 6260 9099 7534 8882 8208 5448 3968 4708 10492 4330 7411 7356

7219 5672 3893 4783 9496 7655 8576 8341 5842 7092 9591 5031 7311 6940

8412 11909 2991 7450 4017 9317 6667 6327 9811 8069 3420 6222 4821 6752

5716 7984 7975 7979 8054 5393 6723 7382 4809 6096 6099 5543 5821 6655

6006 7057 4893 5975 5900 6300 6100 7204 6975 7089 7286 7496 7391 6639
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SSP F+1 F+1 
Log2 

F+2 F+2 
Log2 

F+3 F+3 
Log2 

F+4 F+4 
Log2 

Avg 
Log2 

7609 55287.2 15.8 41844.3 15.4 26575.1 14.7 21108.8 14.4 15.0 
616 39516.2 15.3 20892.9 14.4 20712.1 14.3 21801.6 14.4 14.6 

2704 16126.2 14.0 11402.1 13.5 16427.2 14.0 13845.5 13.8 13.8 
8501 7162.7 12.8 17288.7 14.1 14347.6 13.8 16117.4 14.0 13.7 
2504 12014.2 13.6 14239.0 13.8 13303.8 13.7 14324.9 13.8 13.7 
6614 9748.5 13.3 17393.7 14.1 12420.9 13.6 12611.9 13.6 13.6 
7802 13812.2 13.8 10320.5 13.3 8313.6 13.0 12261.2 13.6 13.4 
6602 13328.0 13.7 9191.8 13.2 10716.8 13.4 9486.4 13.2 13.4 
615 10123.5 13.3 12885.9 13.7 8912.7 13.1 8894.0 13.1 13.3 

2106 7713.2 12.9 9148.3 13.2 10102.7 13.3 10075.5 13.3 13.2 
6609 13370.9 13.7 3174.7 11.6 12933.4 13.7 7229.4 12.8 13.0 
7101 8548.5 13.1 6742.0 12.7 9912.2 13.3 10887.0 13.4 13.1 
8320 9440.7 13.2 6577.1 12.7 12452.4 13.6 7609.5 12.9 13.1 
8303 5264.5 12.4 7687.6 12.9 10926.9 13.4 9824.2 13.3 13.0 

14 7137.0 12.8 8378.7 13.0 9145.0 13.2 8724.1 13.1 13.0 
6302 9196.7 13.2 6223.0 12.6 6662.1 12.7 9419.3 13.2 12.9 
7507 5957.8 12.5 7685.8 12.9 10101.2 13.3 7716.6 12.9 12.9 
5507 8042.9 13.0 8274.9 13.0 7494.8 12.9 7404.2 12.9 12.9 
7504 9389.0 13.2 3638.5 11.8 6658.8 12.7 10970.3 13.4 12.8 
2808 8378.7 13.0 7305.3 12.8 6655.6 12.7 7514.2 12.9 12.9 
7518 9099.1 13.2 8207.9 13.0 4707.9 12.2 7411.0 12.9 12.8 
7219 4782.8 12.2 8575.5 13.1 7091.7 12.8 7310.8 12.8 12.7 
8412 7450.0 12.9 6667.2 12.7 8069.1 13.0 4820.6 12.2 12.7 
5716 7979.1 13.0 6723.2 12.7 6095.6 12.6 5820.7 12.5 12.7 
6006 5974.8 12.5 6099.9 12.6 7089.2 12.8 7391.1 12.9 12.7 

 

Table 2.  Average spot abundances converted to Log2 scale.  SSP column 
indicates spot number.  Spot intensities are shown for a selection of spots in the 
fed +/+ group.  F+1 is the average of technical replicates for fed+/+ sample.  F+1 
Log2 represents Fed+/+ sample 1 average transformed to Log2 scale.  Avg Log2 
is the mean of F+1 Avg, F+2 Avg, F+3 Avg, and F+4 Avg representing samples 
1-4 in fed+/+ group.                  
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Spot Protein ID MW 
(kDa) pI IPI Protein 

Probablity 
# of 

Peptides 

0014 Cytochrome c oxidase subunit 5A, 
mitochondrial precursor 16030 6.08 IPI00120719 1.00 6 

0616 ATP synthase subunit beta, mitochondrial 
precursor 56300 5.19 IPI00468481 1.00 3 

2106 ATP synthase D chain, mitochondrial 18749 5.52 IPI00230507 1.00 19 

2207 Prohibitin 29820 5.57 IPI00133440 1.00 29 

2304 ATP synthase D chain, mitochondrial 18749 5.52 IPI00230507 1.00 1 

2504 Pyruvate dehydrogenase E1 component 
subunit beta, mitochondrial precursor 38937 6.41 IPI00132042 1.00 1 

2704 Ubiquinol-cytochrome-c reductase complex 
core protein 1, mitochondrial precursor 52769 5.75 IPI00111885 1.00 4 

3001 cytochrome c oxidase, subunit Vb 13847 8.34 IPI00116154 1.00 3 

3204 Thioredoxin-dependent peroxide reductase, 
mitochondrial precursor 28127 7.15 IPI00116192 1.00 10 

5506 Isoform 1 of Elongation factor Tu, mitochondrial 
precursor 49508 7.23 IPI00274407 1.00 19 

6107 Ubiquinol-cytochrome c reductase iron-sulfur 
subunit, mitochondrial precursor 29368 8.92 IPI00133240 1.00 8 

7101 Superoxide dismutase [Mn], mitochondrial 
precursor 24603 8.80 IPI00109109 1.00 14 

7504 Medium-chain specific acyl-CoA 
dehydrogenase, mitochondrial precursor 46481 8.60 IPI00134961 1.00 26 

7802 Aconitate hydratase, mitochondrial precursor 85464 8.08 IPI00116074 1.00 26 

Table 4.  Landmark proteins identified by LC-MS/MS 
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Figure 16.  Carbohydrate Metabolism and Energy Production Network Generated 
by Ingenuity Pathway Analysis™.   
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 Figure 17.  Lipid Metabolism Network Generated by Ingenuity Pathway 
Analysis™.   
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CHAPTER 4:  DISCUSSION 

 By way of a two-dimensional gel based/mass spectrometry approach, the 

mitochondrial proteome of PDK4 wild-type and knockout mice was characterized, 

and the effect of a PDK4 knockout, as well as the effect of starvation on the wild-

type and knockout mice, was examined. 

 
1.  EFFECT OF STARVATION  

 According to previous studies, starvation and diabetes result in up-

regulation of PDK4, and in turn phosphorylation and inactivation of the pyruvate 

dehydrogenase complex [10, 15, 39, 40].  In this study, the role of starvation was 

examined in relation to PDK4 wild-types and knockouts. 

When comparing PDK4 wild-types, starvation had a large effect on a 

number of proteins; however, the effect was not as extensive in PDK4 knockouts.  

75% of the altered proteins were upregulated under starved conditions, 

suggesting a metabolic adaptation in response to starvation.  All four affected 

members of the ETC were increased with starvation, as well as several subunits 

of ATP synthase.  Numerous components of the citric acid cycle, fatty acid 

metabolism, and amino acid metabolism were also upregulated in the starved 

state.  These responses to starvation are similar to the findings in Johnson et al. 

[16], which used a proteomics approach to evaluate metabolic changes in the 

liver associated with Type 1 diabetes in a rat model.  Since diabetes and 

starvation are both low insulin conditions, similar metabolic changes are not 

surprising. 
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Starvation seems to generate an overall increase in oxidative 

phosphorylation.  Several proteins of the ETC are elevated by starvation, 

including electron transfer flavoprotein, ubiquinol cytochrome c reductase, and 

NADH dehydrogenase alpha and iron sulfur protein.  In addition alpha, beta, 

gamma, and D subunits of ATP synthase are upregulated, suggesting an 

increase in ATP production.  These data are consistent with previous findings [6, 

16] that cellular oxygen consumption is increased with diabetes, thus the 

increase in ATP production.   

Enzymes of the citric acid cycle were both up- and down-regulated by 

starvation.  One previous study found a slight to moderate increase in 

metabolites of the citric acid cycle during starvation [8].  Elevated enzymes 

included isocitrate dehydrogenase, which catalyzes the oxidative decarboxylation 

of isocitrate to α-ketoglutarate, and fumarate hydralase, responsible for the 

conversion of fumarate into malate.  Three protein spots were identified as 

fumarate hydralase, consistent with post-translational modification, most likely 

phosphorylation.  Although Johnson et al. did not detect an increase in fumarate 

hydralase; they did observe the same post-translational modifications in the 

diabetic mice [16].   

Unlike the other CAC enzymes, both succinyl-CoA ligase ADP-forming 

and GDP-forming, were down-regulated by starvation in the study, which seems 

to be a novel finding.  These enzymes catalyze the formation of succinate from 

succinyl-CoA (Figure 18).  This result is consistent with findings in recent 
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proteomic studies that determined these enzymes are also decreased in liver by 

diabetes [16, 30].   

The down-regulation of both ADP-forming and GDP-forming succinyl-CoA 

ligases implies a crucial need to conserve succinyl-CoA during fasting.  The 

enzyme succinyl-CoA acetoacetate CoA transferase converts succinyl-CoA and 

acetoacetate to sucinnate and acetoacetyl-CoA, a key reaction in ketone body 

utilization.  A study by Williamson et al. determined that succinyl-CoA 

acetoacetate CoA transferase is not induced during starvation, but the 

concentration of the substrate, acetoacetate, is important for controlling the rate 

of the reaction [38].  The findings in this study suggest that the concentration of 

the substrate succinyl-CoA is also important.  By decreasing ADP-forming and 

GDP-forming succinyl-CoA ligases, succinyl-CoA can be conserved for ketone 

body utilization.  For the brain to use ketone bodies instead of glucose during 

starvation, the concentration of ketone bodies must be kept high.  However, 

some ketone bodies are lost in urine.  Fortunately, the kidneys use ketone bodies 

in large amounts to circumvent a significant loss of energy when fasting [18].  

Thus, these findings provide additional insight into the utilization of ketone bodies 

during starvation.   

The behavior of succinyl-CoA ligase may also play a role in elucidating the 

underlying biochemical mechanisms of acute attacks of porphyrias, a group of 

genetic disorders caused by mutations in enzymes of the heme biosynthesis 

pathway.  Porphyrias are characterized by acute neuropsychiatric attacks that 

are stimulated by fasting, drugs, and hormones.  The infusion of heme and/or 
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glucose is used to treat the attacks, although it is unclear why fasting provokes 

the attacks and glucose is beneficial [9].  The first step of the heme biosynthesis 

pathway (Figure 19) is the condensation of succinyl CoA and glycine to form D-

aminolevulinic acid (ALA) by the enzyme D-aminolevulinic acid synthase (ALAS) 

[23].  During porphyria attacks, the concentration of ALA is elevated in the urine 

[9].  Although it is unclear if the concentration of succinyl CoA increases with 

fasting, it is likely to increase since succinyl-CoA ligase decreases.  In addition, 

building up the substrate, succinyl CoA, may account for the induction of ALA 

during starvation. 

Surprisingly, the gluconeogenic enzyme, pyruvate carboxylase, was 

decreased in starvation.  Pyruvate carboxylase catalyzes the carboxylation of 

pyruvate to form oxaloacetate at the expense of ATP.  This reaction is the first 

step of gluconeogenesis, which synthesizes glucose from noncarbohydrate 

precursors, such as lactate, amino acids, and glycerol [4].  During long periods of 

fasting, it is essential that glucose be formed from noncarbohydrate precursors.  

Thus, it is expected and previous work has indicated that pyruvate carboxylase 

should be elevated during starvation [31].  It is quite perplexing that the enzyme 

decreased with fasting in this study.  One possibility is limitations of the 2DE 

technique.  Because of the acrylamide concentration of IPG strips, large proteins 

do not always focus well and migrate easily onto the second dimension slab gel.  

Pyruvate carboxylase is the largest protein (130 kDa) identified in this study, and 

the resolution of the protein was not very reproducible.  Therefore, it is possible 
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that the protein had difficulty migrating consistently across all samples, which 

may account for this unexpected observation. 

Because oxidation of fatty acids is essential for energy production during 

fasting, and previous work documents an increase with diabetes [7, 29], it was 

expected that fatty acid oxidation would be up-regulated in response to 

starvation.  As predicted, components of fatty acid oxidation were elevated, 

including short-chain specific acyl-CoA dehydrogenase (SCAD), electron transfer 

flavoprotein (ETF), and delta(3,5)-delta(2,4)-dienoyl-CoA isomerase.  SCAD is an 

isozyme of acyl-CoA dehydrogenase that acts on 4- and 6- carbon acyl chains 

and is required in the first reaction in each cycle of fatty acid oxidation; while ETF 

is responsible for shuttling electrons during the series of reactions.  Delta(3,5)-

delta(2,4)-dienoyl-CoA isomerase, an enoyl-CoA hydratase, catalyzes the 

isomerization of 3-trans,5-cis-dienoyl-CoA to 2-trans,4-trans-dienoyl-CoA [35].   

Other proteins elevated in response to starvation included superoxide 

dismutase and heat shock protein 60.  Both proteins were identified in charge 

trains indicating post-translational modification, consistent with phosphorylation.  

Since superoxide dismutase protects the cell against oxidative damage and heat 

shock protein 60 is induced during environmental stresses, it is not surprising 

that both of these proteins were increased in response to starvation. 

The pyruvate dehydrogenase E1 alpha subunit was affected by starvation 

as well.  The pI of the E1 subunit without its mitochondrial leader sequence is 

6.78.  However, the protein resolved at approximately 6.0, indicating a shift in pI, 

consistent with protein phosphorylation.  Since the serine residues of E1 are 
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phosphorylated during starvation [10], it is expected that the identified subunit 

would be phosphorylated as well.   

 Interestingly, the pyruvate dehydrogenase kinases and phosphatases 

were not identified in this study, including PDK4.  PDK4 has a molecular weight 

of 46,596 daltons and a pI of 6.61, which is well within range of detection on 2DE 

gels.  Preliminary studies confirmed the null mutation via western blot on one-

dimensional gels, so it is surprising that the protein was not significantly altered. 

It was anticipated that PDK4 would be present in all wild-type samples and 

absent in knockouts, as well as up-regulated in starved samples, and therefore, 

exhibit differential protein expression.  It is likely that the abundance of PDK4 is 

too low, which is why it was not detected on the 2DE gels. 

Determining if PDK4-/- had any effect on the changes occurring in starved 

mice was also of interest.  When comparing starved knockout mice and starved 

wild-type mice to fed wild-type mice, knocking out PDK4 did not have much of an 

effect.  Of the differentially expressed proteins in the fed versus starved wild-

types, 70% of them had the same effect on protein expression when PDK4 was 

knocked out.  Therefore, knocking out PDK4 does not prevent the adaptive 

changes seen with starvation. 

 
2.  EFFECT OF PDK4 KNOCKOUT 

 Recent findings indicate PDK4 is important in regulating the pyruvate 

dehydrogenase complex activity and thus glucose homeostasis [15].  PDK4 was 

knocked out to investigate changes in the mitochondrial proteome in both fed and 

starved states. 
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 In the fed state, the effects of knocking out PDK4 were not as consistent 

as in the starved state; about half the proteins were up- and half down-regulated. 

Although in the starved condition, the results followed a more significant trend.  

Nearly all (19 of the 20 proteins) were decreased by the knockout, including 

enzymes of the ETC, ATP synthesis, fatty acid oxidation, amino acid metabolism, 

acetaldehyde oxidation, and response to stress.   

 Ubiquinol cytochrome c reductase, NADH dehydrogenase alpha and beta 

subunits, and ATP synthase gamma chain are decreased by PDK4 knockout.  

These results indicate a reduced capacity for oxidative phosphorylation in PDK4 

deficient mice.      

The capacity for fatty acid oxidation is also greatly reduced by PDK4-/- in 

the starved state.  Decreased components include SCAD, Delta(3,5)-delta(2,4)-

dienoyl-CoA isomerase, and trifunctional enzyme, a protein responsible for 

hydration of enoyl-CoA, dehydrogenation of 3-hydroxyacyl CoA, and thiolytic 

cleavage of 3-ketoacyl-CoA substrates [35].  These data are consistent with 

recent findings that free fatty acids are elevated due to inhibition of fatty acid 

oxidation, while glucose and pyruvate oxidation are stimulated in PDK4-/- [15].  

Overall, the effect of the PDK4 knockout is not as extensive as previously 

thought.  In preliminary studies, the mice were fertile, viable, and grew normally.  

Also, larger differences were anticipated in the activity state of the PDC between 

wild-type and PDK4-/-in previous work [15].  These data suggest other 

mechanisms are compensating for the role of PDK4.      
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3.  Conclusion 

Starvation has a greater effect on mitochondrial protein expression than 

the PDK4 knockout.  A majority of the metabolic pathways are upregulated by 

fasting, suggesting adaptation to the condition.  Since the metabolic changes 

associated with starvation are similar to those of diabetes, and the biochemical 

mechanisms of diabetes are so complex, the extensive effects of starvation are 

not surprising.  The results indicate that knocking out PDK4 does not prevent 

these adaptive changes associated with starvation.  The effect of the PDK4 

knockout is the most dramatic in starved mice; nearly all affected proteins were 

decreased by the knockout signifying a reduced capacity for metabolic pathways.   
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Figure 18.  Succinyl-CoA in the Citric Acid Cycle [21].  
ADP- and GDP-forming succinyl-CoA ligases convert 
succinyl-CoA to succinate 

Figure 19.  Heme Biosynthesis Pathway [9].  The condensation of succinyl 
CoA and glycine to form D-aminolevulinic acid (ALA) by the enzyme D-
aminolevulinic acid synthase (ALAS) is the first step of the heme biosynthesis 
pathway. 
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APPENDIX A 

Table A1.  Protein identification data. 
Spot  Protein ID MW pI IPI Protein 

Probablity 
# of 

Peptides 

0014 Cytochrome c oxidase subunit 5A, mitochondrial 
precursor 16030 6.08 IPI00120719 1.00 6 

0115 Cytochrome b5 15241 4.96 IPI00230113 1.00 4 

0206 ATP synthase subunit beta, mitochondrial 
precursor 56300 5.19 IPI00468481 1.00 2 

0310 ATP synthase subunit beta, mitochondrial 
precursor 56300 5.19 IPI00468481 1.00 3 

0616 ATP synthase subunit beta, mitochondrial 
precursor 56300 5.19 IPI00468481 1.00 3 

0704 prolyl 4-hydroxylase, beta polypeptide 57058 4.77 IPI00122815 1.00 9 
802 Calreticulin precursor 47995 4.33 IPI00123639 1.00 1 
0815 78 kDa glucose-regulated protein precursor 72422 5.07 IPI00319992 1.00 8 
1110 ATP synthase D chain, mitochondrial 18749 5.52 IPI00230507 1.00 7 
1616 Ezrin-radixin-moesin-binding phosphoprotein 50 38600 5.63 IPI00109311 1.00 7 
1809 PDZ domain-containing protein 1 56499 5.29 IPI00228883 1.00 10 
2001 Vacuolar ATP synthase subunit F 13370 5.52 IPI00315999 1.00 4 
2106 ATP synthase D chain, mitochondrial 18749 5.52 IPI00230507 1.00 19 
2201 Metaxin-2 29758 5.44 IPI00225254 1.00 4 
2207 Prohibitin 29820 5.57 IPI00133440 1.00 29 
2304 ATP synthase D chain, mitochondrial 18749 5.52 IPI00230507 1.00 1 

2504 Pyruvate dehydrogenase E1 component subunit 
beta, mitochondrial precursor 38937 6.41 IPI00132042 1.00 1 

2505 Ubiquinol-cytochrome-c reductase complex core 
protein 1, mitochondrial precursor 52769 5.75 IPI00111885 1.00 5 

2508 Succinyl-CoA ligase [ADP-forming] beta-chain, 
mitochondrial precursor 50114 6.57 IPI00261627 1.00 11 

2509 Succinyl-CoA ligase [ADP-forming] beta-chain, 
mitochondrial precursor 50114 6.57 IPI00261627 1.00 7 

2604 Ezrin-radixin-moesin-binding phosphoprotein 50 38600 5.63 IPI00109311 1.00 9 
2609 Ezrin-radixin-moesin-binding phosphoprotein 50 38600 5.63 IPI00109311 1.00 5 
2613 Ezrin-radixin-moesin-binding phosphoprotein 50 38600 5.63 IPI00109311 1.00 5 

2701 Isoform 1 of 60 kDa heat shock protein, 
mitochondrial precursor 60955 5.91 IPI00308885 1.00 6 

2704 Ubiquinol-cytochrome-c reductase complex core 
protein 1, mitochondrial precursor 52769 5.75 IPI00111885 1.00 4 

2710 Isoform 1 of 60 kDa heat shock protein, 
mitochondrial precursor 60955 5.91 IPI00308885 1.00 24 

2711 Isoform 1 of 60 kDa heat shock protein, 
mitochondrial precursor 60955 5.91 IPI00308885 1.00 4 

2716 Serum albumin precursor 68693 5.75 IPI00131695 1.00 16 
2814 Stress-70 protein, mitochondrial precursor 73528 5.91 IPI00133903 1.00 9 
3001 cytochrome c oxidase, subunit Vb 13847 8.34 IPI00116154 1.00 3 

3204 Thioredoxin-dependent peroxide reductase, 
mitochondrial precursor 28127 7.15 IPI00116192 1.00 10 

3406 Arginase-2, mitochondrial precursor 38878 6.10 IPI00114974 1.00 9 
3501 Protein NDRG1 43009 5.69 IPI00125960 1.00 1 
3501 Protein NDRG1 43009 5.69 IPI00125960 1.00 8 
3502 Protein NDRG1 43009 5.69 IPI00125960 1.00 1 

3505 Ornithine aminotransferase, mitochondrial 
precursor 48355 6.19 IPI00129178 1.00 6 

3506 Ornithine aminotransferase, mitochondrial 
precursor 48355 6.19 IPI00129178 1.00 5 

 

 

http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00120719'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00230113'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00468481'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00468481'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00468481'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00122815'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00123639'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00319992'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00230507'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00109311'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00228883'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00315999'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00230507'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00225254'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00133440'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00230507'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00132042'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00111885'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00261627'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00261627'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00109311'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00109311'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00109311'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00308885'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00111885'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00308885'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00308885'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00131695'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00133903'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00116154'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00116192'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00114974'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00125960'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00125960'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00125960'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00129178'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00129178'%5d
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Table A1.  (Continued). 

Spot  Protein ID MW pI IPI Protein 
Probablity 

# of 
Peptides 

3701 
Dihydrolipoyllysine-residue acetyltransferase 
component of pyruvate dehydrogenase complex, 
mitochondrial precursor  

67942 8.81 IPI00153660 1.00 7 

3818 Sarcosine dehydrogenase, mitochondrial 
precursor  102096 6.28 IPI00136213 1.00 2 

3819 Isoform 1 of Mitochondrial inner membrane 
protein  83900 6.18 IPI00228150 1.00 10 

4110 ATP synthase subunit alpha, mitochondrial 
precursor 59753 9.22 IPI00130280 1.00 5 

4310 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, 
mitochondrial precursor  36118 7.60 IPI00130804 1.00 3 

4407 Stomatin-like protein 2  38385 8.95 IPI00115117 1.00 8 

4412 Short-chain specific acyl-CoA dehydrogenase, 
mitochondrial precursor  44947 8.96 IPI00116591 1.00 2 

4412 Short-chain specific acyl-CoA dehydrogenase, 
mitochondrial precursor  44947 8.96 IPI00116591 1.00 2 

4413 Nucleoside diphosphate-linked moiety X motif 19  40368 6.22 IPI00118502 1.00 4 

4502 Pyruvate dehydrogenase E1 component alpha 
subunit, somatic form, mitochondrial precursor  43232 8.49 IPI00337893 1.00 12 

4516 mitochondrial acyl-CoA thioesterase 1 49657 6.88 IPI00653566 1.00 4 

4520 Isovaleryl-CoA dehydrogenase, mitochondrial 
precursor  46325 8.53 IPI00471246 1.00 10 

4606 Aldehyde dehydrogenase, mitochondrial 
precursor  56538 7.53 IPI00111218 1.00 2 

4810 Propionyl-CoA carboxylase alpha chain, 
mitochondrial precursor  79922 6.83 IPI00330523 1.00 5 

4912 pyruvate carboxylase 129860 6.25 IPI00114710 1.00 9 

5410 Short-chain specific acyl-CoA dehydrogenase, 
mitochondrial precursor  44974 8.96 IPI00116591 1.00 1 

5503 Glycine amidinotransferase, mitochondrial 
precursor  48297 8.00 IPI00112129 1.00 2 

5506 Isoform 1 of Elongation factor Tu, mitochondrial 
precursor  49508 7.23 IPI00274407 1.00 19 

5508 Glycine amidinotransferase, mitochondrial 
precursor  48237 8.00 IPI00112129 1.00 6 

5514 Glycine amidinotransferase, mitochondrial 
precursor  48297 8.00 IPI00112129 1.00 6 

6006 cytochrome c oxidase, subunit VI a 12483 9.97 IPI00121443 1.00 2 

6103 ATP synthase subunit alpha, mitochondrial 
precursor  59753 9.22 IPI00130280 1.00 2 

6105 Superoxide dismutase [Mn], mitochondrial 
precursor  24603 8.80 IPI00109109 1.00 2 

6107 Ubiquinol-cytochrome c reductase iron-sulfur 
subunit, mitochondrial precursor  29368 8.92 IPI00133240 1.00 8 

6108 Sod2 Superoxide dismutase [Mn], mitochondrial 
precursor  24603 8.80 IPI00109109 1.00 2 

6220 ES1 protein homolog, mitochondrial precursor  28090 9.00 IPI00133284 1.00 1 

6221 Glutamate dehydrogenase 1, mitochondrial 
precursor  61337 8.05 IPI00114209 1.00 2 

6409 Alcohol dehydrogenase  36587 6.90 IPI00466128 1.00 17 
6410 D-amino-acid oxidase  38714 6.86 IPI00115604 1.00 5 

6515 Isoform Mitochondrial of Fumarate hydratase, 
mitochondrial precursor  54371 9.12 IPI00129928 1.00 5 

6704 aldehyde dehydrogenase  57954 8.29 IPI00461964 1.00 8 
7004 Vacuolar ATP synthase subunit G 1  13724 7.76 IPI00133163 1.00 2 
7005 Sulfiredoxin 1 homolog  16063 9.30 IPI00112189 1.00 1 

7006 NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 5  13360 7.82 IPI00331332 1.00 3 

7101 Superoxide dismutase [Mn], mitochondrial 
precursor  24603 8.80 IPI00109109 1.00 14 

http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00153660'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00136213'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00228150'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00130280'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00130804'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00115117'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00116591'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00116591'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00118502'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00337893'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00653566'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00471246'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00111218'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00330523'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00114710'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00116591'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00112129'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00274407'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00112129'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00112129'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00121443'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00130280'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00109109'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00133240'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bIPI-acc:IPI00109109%5d+-vn+2
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00133284'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00114209'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00466128'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00115604'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00129928'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00461964'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00133163'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00112189'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00331332'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00109109'%5d
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Table A1.  (Continued). 

Spot  Protein ID MW pI IPI Protein 
Probablity 

# of 
Peptides 

7210 Adenylate kinase isoenzyme 4, mitochondrial  25062 7.02 IPI00125035 1.00 11 
7214 Electron transfer flavoprotein subunit beta  27623 8.25 IPI00121440 1.00 4 

7215 ATP synthase subunit alpha, mitochondrial 
precursor  59753 9.22 IPI00130280 1.00 7 

7307 Isoform Pl-VDAC1 of Voltage-dependent anion-
selective channel protein 1  32351 8.55 IPI00122549 1.00 3 

7502 Isoform Mitochondrial of Fumarate hydratase, 
mitochondrial precursor  54371 9.12 IPI00129928 1.00 10 

7504 Medium-chain specific acyl-CoA dehydrogenase, 
mitochondrial precursor  46481 8.60 IPI00134961 1.00 26 

7505 Isoform Mitochondrial of Fumarate hydratase, 
mitochondrial precursor  54371 9.12 IPI00129928 1.00 8 

7513 Isoform 2 of Isocitrate dehydrogenase [NADP], 
mitochondrial precursor  50906 8.88 IPI00318614 1.00 7 

7709 ATP synthase subunit alpha, mitochondrial 
precursor  59753 9.22 IPI00130280 1.00 12 

7711 choline dehydrogenase  66331 8.82 IPI00229732 1.00 3 
7802 Aconitate hydratase, mitochondrial precursor  85464 8.08 IPI00116074 1.00 26 
8001 hemoglobin, beta adult major chain 15202 8.95 IPI00110658 1.00 7 
8008 Ribonuclease UK114  14255 8.73 IPI00130640 1.00 9 

8017 NADH dehydrogenase [ubiquinone] iron-sulfur 
protein 5 12648 9.10 IPI00117300 1.00 1 

8310 Isoform Pl-VDAC1 of Voltage-dependent anion-
selective channel protein 1 32351 8.55 IPI00122549 1.00 4 

8316 Isoform Pl-VDAC1 of Voltage-dependent anion-
selective channel protein 1  32351 8.55 IPI00122549 1.00 20 

9202 GTP:AMP phosphotransferase mitochondrial  25426 8.87 IPI00221769 1.00 4 

9303 NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 4  9327 9.52 IPI00125929 1.00 1 

9501 Ubiquinol-cytochrome-c reductase complex core 
protein 2, mitochondrial precursor  48235 9.26 IPI00119138 1.00 7 

 

 

 

 

 

 

 

 

 

 

http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00125035'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00121440'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00130280'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00122549'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00129928'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00134961'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00129928'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00318614'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00130280'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00229732'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00116074'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00110658'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00130640'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00117300'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00122549'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00122549'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00221769'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00125929'%5d
http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+%5bipi-AccNumber:'IPI00119138'%5d
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